Abstract: Parmotrema is one of the larger genera segregated from Parmelia s. lat. Additional genera recently have been segregated from this large genus based mainly on morphological and chemical features. We have employed molecular data from three genes to continue a revision of the generic concept within the parmelioid lichens. A Bayesian analysis of nuclear ITS, LSU rDNA and mitochondrial SSU rDNA sequences was performed. The genera Canomaculina, Concamerella, Parmelaria and Rimelia appear nested within Parmotrema. Alternative hypotheses to maintain the independence of Canomaculina, Concamerella and Rimelia are shown to be highly unlikely and are rejected. As a consequence these three genera are reduced to synonymy with Parmotrema. An alternative topology segregating Parmelaria from Parmotrema s. lat. cannot be rejected with the dataset at hand. However we have established that this genus is closely related to Parmotrema rather than to cetrarioid species as was considered previously. The revised genus Parmotrema includes species that have an upper cortex consisting of a palisade plectenchyma or rarely paraplectenchyma with vaults, have a pored or fenestrated epicortex, lack pseudocyphellae, have or lack cilia, have laminal, perforate or eperforate apothecia, usually have simple rhizines and filiform, cylindrical, bacilliform or sublageniform conidia. It is closely related to Flavoparmelia but the status of these genera requires further investigation. Nineteen new combinations are made.
INTRODUCTION
The Parmeliaceae is one of the most common and well known ascomycete families comprising more than 2400 species in about 85 genera (Hawksworth et al 1995 , Blanco et al 2004a . Within this large family, parmelioid lichens, which formerly were placed in the huge genus Parmelia, are a monophyletic group based on mitochondrial SSU sequences analysis . They also are defined morphologically in typically having rhizinate thalli with laminal lecanorine apothecia, a Lecanora-type ascus and simple hyaline ascospores. Parmelioid lichens comprise more than 1500 species and exhibit significant biodiversity, especially in oceanic-temperate, tropical and subtropical ecosystems.
In the past few decades the number of genera comprising the Parmeliaceae has increased significantly, particularly among the parmelioid lichens, due in part to a narrower generic concept (Hale 1984a ). Hale initially proposed an infrageneric classification for the large and polyphyletic genus Parmelia s. lat. but several new genera subsequently were erected. These segregations were based mainly on morphological, anatomical and chemical characters (Culberson and Culberson 1981; Elix 1993; Elix and Hale 1987; Elix et al 1986; Hale 1974a Hale , b, 1984b Hale , 1986 Krog 1982; Kurokawa 1991; Sipman 1980) . Many of these genera have not been fully accepted by a number of European lichenologists (e.g., Clauzade and Roux 1985; Eriksson and Hawksworth 1986 Poelt and Vezda 1981; Santesson 1984; Purvis et al 1992; Nimis 1993; Llimona and Hladun 2001) and some of the segregates recently have been combined on the basis of morphological and/or molecular evidence (e.g., Rimeliella within Canomaculina; Chondropsis, Paraparmelia and Neofuscelia within Xanthoparmelia [Elix 1997 [Elix , 2003 Crespo 2002, Blanco et al 2004a] ; Melanelixia and Melanohalea segregated from Melanelia [Blanco et al 2004b] ).
Parmotrema (Massalongo 1860 ) is one of the larger genera segregated from Parmelia s. lat. It includes more than 300 species with an apparent center of speciation in the Pacific Islands tropical and subtropical regions of South America. The species of the genus are characterized by a pored epicortex, large thalli with broad lobes, a broad, naked marginal zone on the lower surface, and large, thick-walled, ellipsoid ascospores, sublageniform or filiform conidia (Elix 1993 ) and (commonly) marginal cilia. Hale (1974a) resurrected the genus Parmotrema (Hale 1965 (Blanco et al 2004a) . Hale and Fletcher (1990) segregated Rimelia based on the presence of effigurate maculae on the upper surface, which fissure to form fine, reticulate cracks, as well as differences in rhizines, conidial, apothecial and chemical characters.
Although Elix (1993) regarded Canomaculina and Parmotremopsis as close to Parmotrema, the two genera comprised species formerly accommodated in the genus Parmelina (Elix and Hale 1987) . They differed from other parmelioid segregates by the presence of effigurate maculae on the upper surface (Canomaculina), the nature and distribution of the cilia, the lobe and rhizine morphology, the size of the ascospores and conidia and the different centers of distribution. Canomaculina has its center of distribution in South America, whereas Parmotremopsis occurs mainly in Central America and the Caribbean. We unfortunately have not been able to obtain fresh material of Parmotremopsis.
Concamerella (Culberson and Culberson 1981) , a genus comprising two species, has been included in the analysis because previous molecular studies indicated that it was closely related to Canomaculina (Blanco et al 2004a) . To our knowledge its relationship with Parmotrema has not been recognized previously. Indeed the overt morphological features of Concamerella are similar to those of Cetrariastrum (Elix 1993) , a genus that is not related phylogenetically (Crespo et al personal communication) .
Parmelaria (Awasthi 1987) , another genus of two species, is characterized by thick-walled ascospores, marginal to submarginal perforate apothecia, marginal verruciform pycnidia and broad lobes with marginal cilia. It occurs in temperate and subtemperate parts of the Himalaya. Its systematic position is uncertain. It originally was placed in Parmelia subg. Amphigymnia (Culberson 1962 ) because of obvious morphological similarities, such as presence of marginal cilia, large perforated apothecia and large, thickwalled ascospores. This placement subsequently was refuted by Hale (1965 Hale ( , 1974a because he interpreted the presence of marginal pycnidia as excluding Parmelia subg. Amphigymnia. The genus currently is considered more closely related to cetrarioid lichens based on the presence of marginal apothecia and pycnidia (Randlane and Saag 1993, Randlane et al 1997) .
Relatively few phylogenetic studies have been carried out on the genera that are close to Parmotrema, which also are called parmotremoid genera. Crespo et al (1999) achieved a statistic analysis, using morphological and chemical characters in parmelioid, that was not conclusive in demonstrating the relationship among parmotremoid genera. Louwhoff and Crisp (2000) performed a cladistic study also based on morphological and chemical characters of 43 species of Parmotrema and included representatives of some related genera such as Rimelia, Canomaculina and Parmotremopsis. They found Canomaculina and Rimelia clustered within Parmotrema and concluded that subgeneric rank within Parmotrema might be more appropriate for these two segregate genera.
Using morphological and molecular markers (including nuclear ITS and mitochondrial SSU), Crespo and Cubero (1998) , Crespo et al (1999) and Crespo et al (2001) concluded that Parmotrema and Rimelia formed a strongly supported monophyletic group and that Parmotrema would become paraphyletic if Rimelia were kept segregated.
To revise the generic concept of the parmotremoid lichens we have included all the above genera in a molecular study using three sets of sequences: mt SSU rDNA, nu ITS and nu LSU rDNA. We conducted a Bayesian analysis of the combined dataset.
MATERIALS AND METHODS
Taxon sampling.-Sequences of the nu ITS rDNA, nu LSU rDNA and mt SSU rDNA were obtained from 25 taxa representing nine genera and including six type species. Sixtysix new sequences were obtained from 23 specimens (TABLE  I) . In addition 23 sequences were downloaded from GenBank (TABLE II) . Flavopunctelia flaventior was used as outgroup because it previously has been shown to belong to a sister group of all the specimens included in the current study.
Molecular methods.-Total DNA was extracted according to a slightly modified DNeasy Plant Mini Kit (Qiagen) protocol . Dilutions 10 Ϫ1 of the total DNA were used for PCR amplifications of the genes coding for the nu (White et al 1990) , ITS1-LM (Myllys et al 1999) and ITS2-KL (Lohtander et al 1998) ; nu LSU rDNA was amplified using the primers LROR and LR5 (Vilgalys http://www.biology.duke.edu/fungi/mycolab/primers. htm), and mt SSU rDNA was amplified using the primers mr SSU1 and mr SSU3R (Zoller et al 1999) , NMS1 and NMS2 (Li et al 1994) , MSU1 and MSU7 (Zhou and Stanosz 2001) . The PCR cocktail (total volume 50 L) contained 10 L diluted DNA, 5 L of 10ϫ DNA polymerase buffer (Biotools) (including MgCl 2 2 mM, 10 mM Tris-HCl, pH 8.0, 50 mM KCl, 1 mM EDTA, 0.1% Triton X-100), 1 L of deoxinucleotide triphosphate (dNTPs) with 10 mM of each base, 2.5 L of each primer (10 M), 1.25 L of DNA polymerase (1U/L) and 27.75 L dH 2 O. The amplifications for nu ITS and LSU rDNA were carried out in an automatic thermocycler, Techne Progene. These PCR cycling parameters were used to amplify both these regions: initial denaturation at 94 C for 5 min, and 30 cycles of 94 C for 1 min, 54-60 C (ITS rDNA) and 60 C (LSU rDNA) for 1 min, 72 C for 1.5 min and a final extension at 72 C for 5 min. The PCR amplification for mitochondrial rDNA was carried out in a Hybaid OmniGene thermocycler and was performed with this program: initial denaturation at 94 C for 5 min and 35 cycles of 94 C for 1 min, 57-58 C for 1 min, 72 C for 1.5 min and a final extension at 72 C for 5 min. Fragments were cleaned using Biotools Bioclean Columns kit or, in case of an impure product, the bands were cut with Biotools Bioclean kit, according to the manufacturer's instructions. Cleaned PCR products were sequenced. To obtain complete overlapping sequences in both directions these primers, in addition to those also used for PCR amplifications, were used: (i) for the ITS rDNA: ITS2 and ITS3 (White et al 1990) were used when long PCR products were obtained due to the presence of group I introns at the very end of nu SSU (Gargas et al 1995) ; (ii) for the nu LSU rDNA: LR3 and LR3R (Vilgalys http://www.biology.duke. edu/fungi/mycolab/primers.htm); and (iii) for the mt SSU rDNA, mr SSU2 and mr SSU2R (Zoller et al 1999) . The ABI Prism TM Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) was used and cycle sequencing was carried out with these settings: denaturation for 3 min at 94 C and 25 cycles at 96 C for 10 sec, 50 C for 5 sec and 60 C for 4 min. Sequencing reactions were electrophoresed on a 3730 DNA analyzer (Applied Biosystems). Sequence fragments were assembled with SeqMan 4.03 (DNAStar) and manually adjusted. Introns in the SSU and LSU as well as partial nu SSU and LSU rDNA sequences at either end of the ITS sequences were removed.
Sequence alignments.-Most phylogenetic reconstruction methods rely on multiple alignments. However multiple alignments can be ambiguous if sequences are highly divergent. Therefore we have used an alignment procedure employing a linear Hidden Markov Model (HMM), as implemented in the software SAM (Hughey and Krogh 1996) . Sequences of 30 specimens (TABLES I, II) were aligned separately for the three genes. Regions that could not be aligned with statistical confidence were excluded from the phylogenetic analysis.
Phylogenetic analysis.-The alignment was analyzed with PAUP* 4.0b10 (Swofford 2003) and MrBayes 3.0 (Huelsenbeck and Ronquist 2001). The data were analyzed using a Bayesian approach (Huelsenbeck et al 2000, Larget and Simon 1999) . A Bayesian phylogenetic tree-sampling technique was used to estimate the posterior probability of phylogenetic trees using a Markov Chain Monte Carlo (MCMC) method (Larget and Simon 1999) .
MrBayes was employed to sample the trees. The likelihood model was set to general time reversible model (Rodríguez et al 1990) including estimation of invariant sites and assuming a discrete gamma distribution with six rate categories (GTRϩIϩG) for the single-gene and the combined analyses. No molecular clock was assumed. A run with 2 000 000 generations starting with a random tree and employing 12 simultaneous chains was executed. Every 100th tree was saved into a file.
We plotted the log-likelihood scores of sample points against generation time using Tracer 1.0 (http:// evolve.zoo.ox.ac.uk/software.html?id ϭ tracer) and determined that stationarity was achieved when the log-likelihood values of the sample points reached a stable equilibrium value (Huelsenbeck and Ronquist 2001) . The initial 1000 trees were discarded. The sumt command of MrBayes was used to produce a 50% majority-rule consensus trees with branch lengths. Posterior probabilities equal to and above 95% were considered significant supports. Phylogenetic trees were drawn using TreeView (Page 1996) . In addition a maximum parsimony analysis was performed using PAUP*. A heuristic search with 200 random taxon addition replicates was conducted with TBR branch swapping and MulTrees option in effect, equally weighted characters and gaps treated as missing data. Bootstrapping was performed based on 2000 replicates with random sequence additions.
We used a Bayesian approach to examine the heterogeneity in phylogenetic signals among the three data partitions (Buckley et al 2002) . For the three genes and the TABLE III. Probabilities of four phylogenetic null hypotheses being correct. Each test is based on a B/MCMC tree sample of 10 000 trees. Probabilities significant at Ͻ0.05 are denoted ''*'' and at Ͻ0.001 denoted ''**''
Null hypothesis Probability
Canomaculina forms an independent genus 0.000** Concamerella forms an independent genus 0.043* Rimelia forms an independent genus (including P. pseudorreticulatum) 0.000** Parmelaria forms an independent genus 0.332 concatenated analyses, the set of topologies reaching 0.95 posterior probability was estimated. The combined analysis topology then was compared for conflict with the 0.95 posterior intervals of the single gene analyses. If no conflict was evident, it was assumed that the two datasets were congruent and could be combined.
Hypothesis testing.-Bayesian hypothesis testing was used to determine whether groupings corresponding to different views in lichen classifications appear in alternative topologies in suboptimal trees. Four hypothesized phylogenetic relationships were tested as null hypotheses using a MCMC tree sampling (TABLE III) . For hypothesis testing a new Bayesian analysis with MrBayes as described above was performed with the same settings as in the estimation of the phylogeny using the combined dataset. Ten thousand trees at the equilibrium state per null hypothesis were used for this analysis. The probability of the null hypothesis being correct is calculated by counting the presence of this topology in the MCMC sample (Lewis 2001) . The frequency of trees in the MCMC sample agreeing with the null hypothesis was calculated using the filter command in PAUP* with a constraint describing the null hypothesis.
RESULTS
A total of 21 new mt SSU rDNA, 23 new nu ITS rDNA and 22 new nu LSU rDNA sequences were generated. In addition, 23 sequences were downloaded from GenBank and aligned with the new ones. We produced a matrix of 598 characters for mt SSU, 533 for nu ITS and 1038 for nu LSU. After SAM alignment 549 unambiguous nucleotide position characters were kept for the analysis in the mt SSU, 509 in the nu ITS and 834 in the nu LSU. Seventy-three characters were variable in mt SSU, 186 in nu ITS and 93 in nu LSU. The final alignment of the 30 taxa studied (TABLES I, II) was 1892 positions in length. The alignments are deposited in TreeBase (acc. SN1867).
The topology of trees obtained using maximum parsimony and Bayesian methods was identical and therefore only the results of the Bayesian analyses are discussed here in detail. The likelihood parameters in the sample had these average values (Ϯ one stan- The topology of the 50% majority rule consensus tree is in disagreement with current classifications. Species currently placed in Canomaculina, Concamerella, Parmelaria and Rimelia are nested within Parmotrema. Therefore we tested whether topologies supporting these as segregate genera are present in suboptimal trees and whether the data are sufficient to reject independence of the genera. The results of the hypothesis testing are shown (TABLE III) . Canomaculina, Concamerella and Rimelia are rejected as independent genera at a P ϭ 0.05 threshold. However, the independence of Parmelaria cannot be rejected with the data at hand.
DISCUSSION
The current study based on three ribosomal gene regions yielded a phylogeny of Parmotrema and allied genera. As in previous studies (Crespo et al 1999 , Flavoparmelia is a sister group of the parmotremoid lichens which are monophyletic. The single sequence of Canoparmelia crozalsiana is basal to the other parmotremoid lichens. This placement, however, lacks support. Additional Canoparmelia species (including the type species C. texana) need to be sampled before any conclusions can be made regarding the relationships of this genus. However our data suggest that the closest relatives of the parmotremoid lichens do have a pored epicortex.
The remaining parmotremoid lichens form a strongly supported monophyletic group. Relationships within this group are resolved only partially, indicating that further studies to elucidate phylogenetic relationships among the parmotremoid lichens should employ different molecular markers. This also applies to the phylogenetic position of the genus Parmelaria. Although our results suggest that this genus may be more appropriately treated as a synonym of Parmotrema, the data do not reject Parmelaria being an independent monophyletic lineage. Despite this we have confirmed Culberson's (1962) view that the species studied is parmelioid rather than cetrarioid lichen.
The combined analysis of the three datasets clarifies the relationships among species formerly included in Canomaculina, Concamerella and Rimelia. Analysis of the single datasets revealed the same basic topology as the combined dataset but was unable to reject alternative topologies in most cases (data not shown). The genera Canomaculina and Rimelia were regarded previously as being closely related to Parmotrema based on morphological evidence (Elix 1993 ), but this relationship was not supported in a statistic analysis of all genera included in Parmeliaceae (Crespo et al 1999) . However Louwhoff and Crisp (2000) have suggested that these two genera should be included in Parmotrema based on a cladistic study, based also on morphological and chemical characters but precisely focused on this group. The distinction of the two genera was based on differences in lobe width, maculae and type of cilia and rhizines in the case of Canomaculina and on difference of rhizines, conidia, spore size and medullary chemistry in Rimelia. Our data indicate that these characters are inappropriate for the recognition of monophyletic groups in these lichens. The distinction of Canomaculina and Parmotrema is in part consequence of historic classifications because these two genera formerly were placed in different groups of Parmelia s. lat. A similar case occurred in Canomaculina and Rimeliella, genera that subsequently were synonymized by Elix (1997) . While Canomaculina was segregated by Parmelina (Elix and Hale 1987) , Rimeliella was segregated from Parmotrema (Kurokawa 1991) . Subsequent morphological analyses established that they were synonymous (Elix 1997) . Likewise our results suggest that Canomaculina and Rimelia are congeneric with Parmotrema. Our molecular analysis is in full agreement with the morphological analysis performed by Louwhoff and Crisp (2000) .
The genus Concamerella previously was considered to be close to Cetrariastrum and Everniastrum (Culberson and Culberson 1981, Elix 1993) , rather than the parmotremoid genera. This was mainly due to their morphological similarities, in particular the linear-elongate, dichotomously divided lobes with a canaliculate lower surface. At first glance the relationship with Parmotrema is somewhat surprising. However the lobe morphology in Parmotrema is quite variable and includes taxa with narrow, elongated lobes such as P. moreliense (B. de Lesd.) W. Culb. & C. Culb., P. paramoreliense W. Culb. & C. Culb. (Culberson and Culberson 1981) and P. blanchetianum (Müll. Arg.) Kalb. Given these morphological similarities and the topology of the molecularly derived phylogenetic tree (FIG. 1) , we propose to reduce the parmotremoid genera Rimelia, Canomaculina and Concamerella into synonymy with Parmotrema.
The Flavoparmelia clade is supported strongly as a monophyletic group and also is sister group of the remaining parmotremoid lichens. Flavoparmelia and Canoparmelia are similar morphologically to Parmotrema in having a pored epicortex and broad, naked, erhizinate regions at the margins of the lobes. However Canoparmelia and Flavoparmelia differ from Parmotrema s. lat. in lacking cilia and perforate apothecia and having fungal cell walls containing isolichenan rather than lichenan. A close relationship between Flavoparmelia and Parmotrema has been suggested previously by Crespo and Cubero (1998) who pointed out the similarity of lichenicolous Abrothallus species within these lichens. It is interesting to note, from an evolutionary point of view, that the whole ingroup ensemble in a single branch (1.00 pp), has a common lichenicolous species, Abrothallus microspermus (Cole and Hawksworth 2001) . Sharing a common lichenicolous fungus has been used widely as a supporting character and for indication of phylogenetic relationships in lichenology (e.g., Triebel 1992, Triebel et al 1995) .
Our new classification of the majority of parmotremoid lichens into one genus, based on the results of our molecular analysis, is corroborated by their common morphological characters (as outlined below) and similar distribution patterns. An alternative classification would be to further segregate small species groups as separate genera within Parmotrema. Such further distinction would be based on thalline morphological characters usually employed at species level. Such a procedure clearly would be unacceptable given the rather small genetic differences found among genera in Parmeliaceae in comparison with other groups of euascomycetes (Lumbsch 2002 Vobis (1980) . Conidiogenous cells terminal or intercalarous. Conidia sublageniform (3-10 ϫ 1 m), filiform (8-20 ϫ 1-1.5 m), bacilliform (4-16 ϫ 1-1.5 m) or cylindrical (9-13 ϫ 1 m).
Chemistry: medulla containing orcinol depsides, ␤-orcinol depsides, orcinol depsidones, ␤-orcinol depsidones, aliphatic acids, pulvinic acid derivates, anthraquinones and xanthones.
The genus as it is now circumscribed includes ca 350 species that have their center of distribution in tropical regions of the world, especially in the Pacific Islands South America. It is characterized by having an upper cortex of palisade plectenchyma or paraplectectenchyma with vaults, a pored epicortex, lack of pseudocyphellae, presence or absence of cilia, laminal perforate or eperforate apothecia, ellipsoid ascospores and filiform, cylindrical, bacilliform or sublageniform conidia.
NEW NAMES AND COMBINATIONS
As a consequence of a revised generic concept of Parmotrema several new combinations are necessary and are proposed below. 
